The ability to segregate sounds from different sound sources is thought to depend on the perceptual salience of differences between the sounds, such as differences in frequency or fundamental frequency (F0). F0 discrimination of complex tones is better for tones with low harmonics than for tones that only contain high harmonics, suggesting greater pitch salience for the former. This leads to the expectation that the sequential stream segregation (streaming) of complex tones should be better for tones with low harmonics than for tones with only high harmonics. However, the results of previous studies are conflicting about whether this is the case. The goals of this study were to determine the effect of harmonic rank on streaming and to establish whether streaming is related to F0 discrimination. Thirteen young normal-hearing participants were tested. Streaming was assessed for pure tones and complex tones containing harmonics with various ranks using sequences of ABA triplets, where A and B differed in frequency or in F0. The participants were asked to try to hear two streams and to indicate when they heard one and when they heard two streams. F0 discrimination was measured for the same tones that were used as A tones in the streaming experiment. Both streaming and F0 discrimination worsened significantly with increasing harmonic rank. There was a significant relationship between streaming and F0 discrimination, indicating that good F0 discrimination is associated with good streaming. This supports the idea that the extent of stream segregation depends on the salience of the perceptual difference between successive sounds.
Introduction
The ability to segregate sounds from different sound sources is thought to depend on the perceptual salience of differences between the sounds, such as differences in frequency or fundamental frequency (F0) (Moore and Gockel, 2002; Paredes-Gallardo et al., 2018) . It is therefore easier to understand speech produced by a female speaker in the presence of one or more male speakers than when in the presence of other female speakers (Brungart et al., 2001) . The ability to segregate sounds into different auditory objects is used constantly in daily life and is essential for understanding speech in the presence of background sounds. The ability also makes it possible to hear out individual instruments or voices in music.
Speech and music are complex signals and sound segregation is often investigated using simpler, more controlled, stimuli such as sequences of interleaved A and B sounds where A and B differ in some way (e.g., Bregman, 1990; van Noorden, 1975) . These sequences can be heard either as one stream (integrated) or as two streams (segregated). The perceptual construction of two streams is called sequential stream segregation or streaming. Several studies have used such sequences to explore the effect of differences between the A and B sounds in frequency (pure tones) or in F0 (complex tones) and have shown that the ability to segregate increases with increasing frequency or F0 difference (e.g., Grimault et al., 2000; Grimault et al., 2001 ; Rose and Moore, 1997; van Noorden, 1975; .
Studies of F0 discrimination have shown that F0 difference limens (F0DLs) are relatively small when the tones contain low harmonics (with harmonic numbers, also called ranks, up to about 8), but increase when the rank of the lowest harmonic increases above about 8, indicating that pitch salience decreases when only high-rank harmonics are present (e.g., Bernstein and Oxenham, 2006a; Hoekstra and Ritsma, 1977; Houtsma and Smurzynski, 1990; Shackleton and Carlyon, 1994) . The increase in F0DLs with increasing harmonic rank might be explained by better resolution of lower than of higher harmonics (Bernstein and Oxenham, 2006b; Shackleton and Carlyon, 1994) . However, some lines of evidence suggest that resolution of harmonics is not the key factor. Firstly, for very low F0s, the harmonics that dominate the pitch percept are not the lowest resolved harmonics (Jackson and Moore, 2013) . Secondly, Bernstein and Oxenham (2003) compared F0DLs for tones with all harmonics presented to both ears (diotic) and tones with odd harmonics presented to one ear and even harmonics to the opposite ear (dichotic). If F0 discrimination were governed by the degree of resolution of the harmonics, performance should have been better for the dichotic condition, since the frequency separation of harmonics within each ear was twice as large as for the diotic condition. In fact, F0DLs were similar for the diotic and dichotic conditions. The results suggest that harmonic rank per se is important. The effect of harmonic rank has been explained by 'place dependence', i.e. for each place in the cochlea (corresponding to a specific auditory filter with a certain center frequency) there is a limited range of periodicities that can be analyzed, and this range is closely tied to the center frequency of that filter (Bernstein and Oxenham, 2005; Moore, 2003) .
If stream segregation depends on the salience of the perceptual differences between successive sounds (Hartmann and Johnson, 1991; Moore and Gockel, 2002; Paredes-Gallardo et al., 2018) , one might expect that the ease with which a sequence of complex tones (tones A and B, differing in F0) can be segregated into streams would be affected by pitch salience (strength). If so, then for a fixed difference in F0 between successive tones, stream segregation should be more likely to occur for tones containing low harmonics than for tones containing only high harmonics. A few studies have investigated the effect of harmonic rank on streaming, but with differing results. measured sequential stream segregation for pure tones, complex tones with low harmonics, and complex tones with only high harmonics. For each of these, the F0 of the B tone was between one and 11 semitones higher than the F0 of the fixed A tone. The listeners were instructed to try to hear the sequence as segregated and to indicate whether they heard each sequence as one or two streams. The proportion of trials that were perceived as segregated was similar for all conditions, indicating no effect of harmonic rank. Grimault et al. (2000) measured streaming for complex tones with fixed F0s for the A and B tones. The tones were filtered into three regions (low, mid, and high) to vary the ranks of the harmonics in the tones. They found that the percentage of segregation decreased with increasing harmonic rank and argued that this was an effect of the resolvability of the harmonics in the tones. They did not instruct the listeners to try to hear the streams as segregated or integrated, as in the study of . The instruction to try to segregate used by Vliegen and Oxenham might have increased the proportion of segregation, especially for the difficult conditions with only high harmonics, and Grimault et al. (2000) suggested that the difference in instructions might explain the difference between studies. Also, they proposed that the difference across studies might be explained by their conditions being more extreme in terms of resolvability than the ones used by . If so, this would indicate that large differences in harmonic rank are required to reveal differences in stream segregation.
The aims of the present study were: (1) to determine the effect of harmonic rank when the listeners were instructed to try to hear the sequence as segregated; (2) to establish whether there is a relationship between F0DLs and streaming. Sequential stream segregation was investigated for pure tones and complex tones with harmonic ranks ranging from low (with well resolved harmonics) to high (with all harmonics clearly unresolved), i.e. representing conditions with harmonic rank less than 8 or larger than 14, respectively (Moore and Gockel, 2011) . Preliminary data from this study were previously presented in a conference paper (Madsen et al., 2015) .
General method

Listeners
Thirteen normal-hearing listeners (audiometric thresholds 20 dB HL at octave frequencies between 250 and 8000 Hz; five females, eight males) between 21 and 27 years of age (mean ¼ 23.6 years, SD ¼ 1.6 years) were tested. The listeners had no musical training. All experiments were approved by the Science-Ethics Committee for the Capital Region of Denmark.
Stimulus generation and presentation
The stimuli were generated in MATLAB at a sampling rate of 44100 and presented via a Fireface UCX sound card (RME, Haimhausen Germany) and Sennheiser HD 650 headphones (Sennheiser, Wedemark, Germany). All stimuli were presented monaurally at a sound pressure level (SPL) of 80 dB to the ear with the lowest audiometric threshold averaged across the frequencies 2, 3, and 4 kHz. This level was chosen since this study was meant to be the first in a series of experiments in which hearing-impaired listeners would also be tested. This allows the comparison of results for normal-hearing and hearing-impaired listeners at the same sound pressure level. All measurements were made in an acoustically shielded booth.
Experiment 1: sequential stream segregation
Rationale
The goal of this experiment was to determine whether subjective sequential stream segregation is affected by harmonic rank. F0 discrimination is better for tones with low harmonic rank and it was therefore hypothesized that the presence of low harmonics would facilitate the segregation of sequences of complex tones.
Method
Stimuli
The stimuli consisted of sequences of ABA-ABA tones where A and B are different tones and "-" represents a brief pause. This type of stimulus has been used in many experiments on stream segregation (e.g., Bregman, 1990; van Noorden, 1975) . As illustrated in Fig. 1A , such a sequence can be perceived as one stream (upper panel; integration) that is heard as having a galloping rhythm or as two separate streams, one twice as fast as the other (lower panel; segregation). As in the study of , each tone had a duration of 90 ms including 20-ms raised-cosine ramps. The time interval between tones within each triplet was 10 ms and consecutive triplets were separated by 110 ms. Each tone sequence consisted of 19 triplets and had a duration of approximately 8 s.
Both the A and B tones were either complex tones or pure tones. As illustrated in Fig. 1B , the complex tones were initially generated to contain all harmonics with equal amplitude, added in sine phase. The tones were then bandpass filtered between 2 and 4 kHz (3-dB down points), using a filter slope of 30 dB/octave for the first 100 Hz on each side of the flat passband and 50 dB/octave beyond that range. The edge frequencies of the passband were 2125 and 3798 Hz. The filter slope was chosen to avoid abrupt changes in level of individual harmonics as they passed into and out of the passband when the F0 was changed. The harmonic rank was varied by varying the F0; the higher the F0 the lower was the harmonic rank. For the pure-tone stimuli, the frequency of the A tone was 2000 Hz. For the complex tones, the A-tone F0 was 80, 100, 150, 250, or 500 Hz. Hence, the rank of the lowest harmonic in the passband varied from 27 (F0 ¼ 80 Hz) to 5 (F0 ¼ 500 Hz). The Btone frequency or F0 was always higher than that of the A tone. The frequency or F0 difference between the A and B tones (DF0) was 1, 3, 4, 5, 7, or 11 semitones (ST), resulting in 36 conditions. The frequencies or the F0s of the A and B tones were fixed within each trial.
A threshold-equalizing noise (TEN) (Moore et al., 2000) was used to mask combination tones and to limit the audibility of stimulus components falling on the filter skirts. According to Oxenham et al. (2009) the 2f 1 -f 2 combination tone produced by interaction of the two lowest components in the passband may just be audible when the component level is 15 dB higher than the TEN level, expressed as dB SPL/ERB N , where ERB N is the average value of the equivalent rectangular bandwidth of the auditory filter for listeners with normal hearing (Glasberg and Moore, 1990) . The component level needs to be about 30 dB higher than the TEN level for the next lower combination tone to be audible. The present study used a TEN level of 55 dB SPL/ERB N , which meant that the level of each component in the complex tones was 20e24 dB higher than the level/ERB N of the TEN. Hence, the 2f 1 -f 2 combination tone may have been just audible, but no lower combination tones were audible. This does not create a problem in the interpretation of the results presented here, since the only consequence of the 2f 1 -f 2 combination tone being audible would be to lower the harmonic rank by one. This would not affect whether the tones in the different conditions were resolved or unresolved.
Procedure
The aim was to assess the proportion of time that two streams were perceived when listeners were actively trying to segregate the sequence. The listeners were therefore asked to try to hear the sequence as segregated and to press one key when they heard one stream and a different key when they heard two streams. They could switch between the two keys during presentation of a sequence if the percept appeared to change. The listeners were trained for at least two hours and tested in four 2-h sessions. Each condition was tested 36 times for each listener in blocks that each contained one presentation of each condition. The conditions were randomized such that the order of conditions within a block was always different across blocks for each listener. The order was different for each listener. Nine blocks were tested in each session.
To ensure that the listeners had been sufficiently trained, the standard deviation of the streaming scores (percentage of time that two streams were reported) for each condition was calculated across each set of three successive blocks and then averaged across conditions. If the mean standard deviation was larger than or equal to 20% for at least one of the three sets of three blocks tested in the first test session, these blocks were considered as training and they were repeated in the following session.
Statistical analysis
Due to large deviations from normality, the data were transformed using the aligned rank transform (Wobbrock et al., 2011) and then analyzed with a linear mixed-effects model with harmonic rank and DF0 as fixed factors and listener as a random factor, using the ARTool library (Wobbrock et al., 2011) in R. Post-hoc analysis was performed using the lsmeans library (Lenth, 2016) and Tukey corrections were used to correct for multiple comparisons.
Results
Subjective sequential stream segregation was assessed as the proportion of time that the listeners indicated hearing two streams (no galloping rhythm), assessed over the whole duration of the sequence. Fig. 2 shows the individual data and Fig. 3 shows the mean data. Results for the complex tones are plotted on the left as a function of F0 and results for the pure tones are plotted on the right. While there were large individual differences, the streaming scores generally increased with increasing DF0 or DF (pure tones) and with increasing F0, i.e. decreasing harmonic rank. All conditions, including the pure tone conditions, were included in the analysis. Both main effects were significant (DF0: F(5, 420) ¼ 142.77, p < 0.001; harmonic rank: F(5, 420) ¼ 205.34, p < 0.001) and the interaction was also significant (F(25, 420) ¼ 9.96, p < 0.001). Pairwise comparison of conditions with different F0 (harmonic rank) showed that the differences between all pairs were significant (p < 0.01) except between F0 ¼ 500 and 250 Hz. Similarly, pairwise comparison of conditions with different DF0 showed that all differences were significant (p < 0.01) except between DF0 ¼ 4 and 5 ST.
Discussion
It is possible that the listeners judged the perceptual difference between the A and B tones rather than judging stream segregation per se. To assess this possibility, it was determined whether a build up of "two-stream" responses occurred over time, since build up is generally regarded as a key characteristic of stream segregation (e.g., Anstis and Saida, 1985; Bregman, 1978b effects. Fig. 4 shows the percentage of time that the two-stream key was pressed after every half second for each of the listeners. As expected, the proportion of two-stream responses increased with time for most listeners, confirming that judgements were based on stream segregation rather than on the perceptual difference between the A and B tones.
The significant increase in segregation with increasing DF0 is consistent with the results of many other studies (e.g., Grimault et al., 2000; Grimault et al., 2001; Rose and Moore, 1997; van Noorden, 1975; and with the idea that the extent of stream segregation increases with increasing perceptual difference between successive sounds (Moore and Gockel, 2002 ). This idea is also supported by the decrease in stream segregation with increasing harmonic rank. The harmonic rank was varied by varying the F0. In theory, therefore, the observed effects could be a result of variations in F0 rather than variations in harmonic rank. However, this seems unlikely, since F0DLs for sounds with fixed harmonic content (e.g. harmonics 1e5 or 6e12) are similar (when expressed as Weber fractions) for F0s within the range tested in this study (e.g., Moore and Moore, 2003) . The effect of harmonic rank found here differs from that reported by but is consistent with the findings of Grimault et al. (2000) . However, the results from the present study are not consistent with the suggestions made by Grimault et al. (2000) to explain the difference between their results and those of . Firstly, the present results showed an effect of harmonic rank when the listeners were instructed to try to segregate, as was done by but not by Grimault et al. (2000) . Secondly, streaming differed between conditions that did not differ greatly in terms of the resolvability of the harmonics in the complex tones. For example, the harmonics can be assumed to be mostly completely unresolved for the F0s of 80 and 100 Hz (lowest harmonics in the passband were 27 and 22, respectively, for the A tones and 15 and 12, respectively, for the B tones for DF0 ¼ 11 ST), but streaming differed significantly for these two conditions.
One difference between the present study and that of is that segregation here was quantified as the percentage of time that the listeners indicated that they heard two streams, measured over the whole duration of the sequence, while obtained a single response for each sequence, presumably made towards the end of the sequence or after the sequence was finished. Stream segregation tends to build up over time for stimuli with small perceptual differences between successive sounds (Anstis and Saida, 1985; Bregman, 1978a ) but can occur very rapidly when there are large perceptual differences. Using the measure of segregation of the present study, this build-up effect might have had a greater influence for stimuli where the build up was slow (small perceptual differences) than for stimuli where the build up was rapid (large perceptual differences), thus increasing differences across conditions. In the study of , the build up was probably near-complete for all stimuli. This might have contributed to the difference across studies.
To assess this possibility, the percentage of trials for which the two-streams key was the last key pressed was determined, giving a measure similar to that of . Analysis with a logistic generalized mixed-effects model for binary data using the lme4 library in R (Bates et al., 2015) showed significant effects of harmonic rank (c 2 (5) ¼ 100.04, p < 0.001) and of DF0 (c 2 (5) ¼ 822.96, p < 0.001) and a significant interaction (c 2 (25) ¼ 402.52, p < 0.001). Thus, it does not seem that the measure used here to assess the amount of segregation can explain the difference in results across studies. Another difference between the two studies is the sequence length. In this study, each sequence contained 19 triplets whereas used 12 triplets per sequence. However, since segregation builds up slowly over time when perceptual differences are small (Anstis and Saida, 1985; Bregman, 1978a) , it would have been less likely to occur for conditions with high harmonic rank in the study of than in the present study, so this factor also cannot explain the difference between the results of the two studies.
Another factor that might have influenced the results is combination tones. The present study used a TEN to mask combination tones while did not use any noise in their main experiment. presented a preliminary experiment showing a small deleterious effect of masking noise on the stream segregation of complex tones containing only high harmonics, but a similar effect occurred for pure tones. They argued that combination tones were unlikely to explain their results. The results of the preliminary experiment, did, however, generally show more segregation for pure tones than for the complex tones, which is similar to the findings of this study but different from the results of their main study. argued that this difference "may simply illustrate the large inter-subject variability". In the present study, the results also varied markedly across listeners, so it is possible that inter-listener variability can explain the difference between studies. However, the fact that all listeners in the present study showed some effect of harmonic rank and the fact that Grimault et al. (2000) also found a significant effect of harmonic rank indicate that stream segregation does worsen with increasing harmonic rank, at least for most listeners.
The results of the present study are also consistent with studies that investigated F0 discrimination for pairs of tones preceded and followed by complex tones with fixed F0 (fringes) (Gockel et al., 1999; Micheyl and Carlyon, 1998) . In these studies, it was proposed that the fringes interfere with F0 discrimination when the fringes and target tones are perceived as a single stream, but that interference is small when the fringes are perceived as being in a separate stream from the target tones. The results showed that when the mean F0 of the fringes differed from that of the target, there was more interference when both fringes and target tones contained unresolved harmonics than when they both contained resolved harmonics. This suggests that stream segregation of the fringes and target was more likely to occur when they both contained resolved harmonics, which is consistent with the results presented here.
The results from the present study confirm that stream segregation is possible for complex tones without resolved components. This is consistent with results from several studies showing that stream segregation can be induced using temporal cues alone, without any excitation-pattern cues (e.g., Dannenbring and Bregman, 1976; Grimault et al., 2002; Hong and Turner, 2009; Paredes-Gallardo et al., 2018; Roberts et al., 2002; Stainsby et al., 2004; .
The present study found that the percentage of segregation increased with decreasing harmonic rank (increasing F0; Fig. 2 ) except that there was no difference between F0s of 250 and 500 Hz. The mean streaming scores were very similar for those two conditions. Most individual scores were also similar for these conditions, but a few listeners (L2, L6 and L11) showed consistent decreases in streaming when the F0 was increased from 250 to 500 Hz. These decreases may be explained by the relatively small number of harmonics in the conditions with the A-tone F0 ¼ 500 Hz. Assuming that all harmonics with a level of 55 dB SPL or above (which was the level/ERB N of the TEN) were audible, the A tone had six audible harmonic components and the number of audible harmonics in the B tone decreased with increasing DF0. For the conditions with DF0 ¼ 7 and 11 ST, the B tones had only four audible harmonics. Due to the limited number of well-resolved harmonics, a few listeners may have heard individual harmonics (spectral pitch) instead of the fundamental pitch of the tone complex (Schneider et al., 2005) . They may have focused their attention on non-corresponding harmonics in the A and B tones. For example, when DF0 ¼ 11 ST they may have attended to the 4th harmonic of the A tone (2000 Hz) and the second harmonic of the B tone (1879 Hz), which might have led to reduced segregation, since these harmonics differ in frequency by only slightly more than 1 ST.
4. Experiment 2: relation between stream segregation and discrimination of pure tones and complex tones
Rationale
F0DLs were measured to determine the relationship between streaming and the salience of the F0 differences between the A and B tones. Furthermore, F0DLs were measured for tones whose harmonics were added in sine phase or in random phase, to provide an indirect measure of the resolvability of the harmonics. It is generally assumed that harmonic phase has an influence on F0DLs only when the harmonics interfere, and therefore are at least partly unresolved (Houtsma and Smurzynski, 1990; Moore, 1977; Wang et al., 2012) . The outputs of auditory filters in response to tones with unresolved harmonics have a higher peak factor for sinephase tones than for random-phase tones. This is expected to affect F0DLs based on the use of envelope cues. Therefore, F0DLs are expected to be smaller for sine-phase than for the random-phase tones when all harmonics are unresolved.
Method
Stimuli
F0DLs were measured for pure tones and complex tones similar to the ones used in experiment 1. The tones were bandpass filtered between 2 and 4 kHz and the nominal F0s of the reference tones were the same as the F0s of the A tones in experiment 1. Each tone had a duration of 500 ms including 10-ms raised-cosine onset and offset ramps. The interval between the three tones in each trial was 250 ms. The stimuli were presented at the same level and in the same TEN as for experiment 1. The TEN had the same purposes as for experiment 1. In addition, it was intended to promote synthetic rather than analytic listening (listening to the pitch corresponding to the missing F0 rather than to individual harmonics), since background noise promotes synthetic listening (Hall and Peters, 1981; Houtgast, 1976) .
Procedure
F0DLs were measured using a 3-alternative-forced-choice (AFC) weighted up-down paradigm (Kaernbach, 1991) to estimate the 75% point on the psychometric function. The listeners were asked to indicate which of the intervals contained the tone with the different pitch (the deviant). The F0 of this tone was always higher than the reference F0. The reference F0 was roved by ±5% between trials using a uniform distribution around the nominal value. For each run, the initial F0 difference between the reference and the deviant (F0 deviant À F0 reference )/F0 reference was 20%. In the following trials, the F0 difference was decreased logarithmically by a step size that decreased after every second reversal. The F0DL was calculated as the geometric mean of the F0 difference at the last six out of 10 reversals. Each condition was tested twice during training and the final F0DLs were calculated from values obtained over five runs. To check whether the F0DLs had stabilized after training, a straight line was fitted to the five F0DLs for each condition and one more block for each condition was added if the slope of the line was significantly lower than 0 for more than two conditions.
Results
As shown in Fig. 5 , the F0DLs decreased (improved) with increasing F0 (decreasing harmonic rank) for conditions with both sine and with random phase and were larger for random than for sine phase for the conditions with high harmonic rank but similar across phases for the conditions with lower harmonic rank. Analysis using a mixed-effects model with F0 and phase as fixed factors and listener as a random factor confirmed that both main effects (F0: F(4, 628) ¼ 223.9, p < 0.001, phase: F(1, 628) ¼ 32.77, p < 0.001) and the interaction (F(4, 628) ¼ 10.61, p < 0.001) were significant. Comparisons of pairs of conditions with different phase but the same F0 (adjusted for multiple comparisons controlling the false discovery rate (Benjamini and Hochberg, 1995) ) showed significant effects of phase for F0s of 80 Hz (t(628) ¼ À6.25, p < 0.001), 100 Hz (t(628) ¼ À5.46, p < 0.001) and 150 Hz (t(628) ¼ À2.23, p ¼ 0.031) but not for the higher F0s, consistent with the idea that an effect of component phase occurs when the harmonics are unresolved.
Both stream segregation and F0 discrimination improved with increasing F0 (decreasing harmonic rank). The left panel of Fig. 6 illustrates this relationship. In this scatter plot, the mean percentage segregation for each A-tone F0 (averaged geometrically across DF0s and across listeners) is plotted against the mean F0DL (across listeners) obtained for the same F0. There was a strong negative Pearson correlation between the two measures (r ¼ À0.95, p ¼ 0.002, one tailed, since a negative correlation was hypothesized), indicating that small F0DLs are associated with greater streaming. To investigate the relationship between stream segregation and F0DLs for the individual listeners, for each listener the mean segregation score was plotted against the mean F0DL (right panel of Fig. 6 ). There was a general tendency for stream segregation to decrease with increasing F0DL indicating that good F0 discrimination for an individual is associated with greater segregation for that individual. The Pearson correlation was moderate but significant (r ¼ À0.54, p ¼ 0.03, one tailed).
Discussion
The increase in F0DLs with increasing harmonic rank and the effect of phase seen in Fig. 5 are consistent with what has been found in earlier studies (e.g., Bernstein and Oxenham, 2006a; Bernstein and Oxenham, 2006b; Houtsma and Smurzynski, 1990; Wang et al., 2012) . The better performance for sine than for random phase for tones containing only high harmonics is thought to reflect the use of envelope cues resulting from the interference of harmonics in the cochlea. No phase effects are expected when one or more resolved harmonics are present, since performance is then dominated by the resolved harmonics. The results therefore suggest that the complex tones with F0s of 80, 100 and 150 Hz did not contain any resolved harmonics whereas the tones with higher F0s did. However, the F0DLs for the random-phase tones did increase significantly as the F0 decreased from 150 to 80 Hz (t(628) ¼ 5.25, p < 0.001), suggesting that F0 discrimination worsens with increasing harmonic rank even when all harmonics are unresolved. This is consistent with the idea that the worsening of F0DLs with increasing harmonic rank reflects an effect of harmonic rank per se, rather than an effect of resolvability. Fig. 6 shows a clear relationship between stream segregation and F0 discrimination, supporting the idea that the extent of stream segregation depends on the salience of the perceptual difference between successive sounds. This is consistent with result from two recent studies that both showed a relationship between pitch salience and sequential stream segregation performance (ParedesGallardo et al., 2018; Shearer et al., 2018) .
Some studies have shown a significant relationship between speech-in-speech perception and performance in a stream segregation task (Gaudrain et al., 2012; Hong and Turner, 2006; Mackersie et al., 2001 ). This raises the possibility that F0 discrimination might be related to speech-in-speech perception. Furthermore, musical training is associated with enhanced frequency discrimination and F0 discrimination (e.g., Bianchi et al., 2016; Brown et al., 2017; Madsen et al., 2017; Micheyl et al., 2006; Ruggles et al., 2014) , so it is possible that musical training would be associated with better stream segregation and better speech-in-speech perception. However, two recent studies have shown that musicians are not better than non-musicians at using F0 differences between competing voices to understand speech (Deroche et al., 2017; Madsen et al., 2017) and the latter specifically found no relationship between F0DLs and speech-in-speech perception.
Overall summary and conclusions
Experiment 1 investigated the effect of harmonic rank on the subjective sequential stream segregation of complex tones in a task where the listeners were instructed to try to segregate. Stream segregation scores were compared to F0DLs measured using similar stimuli in experiment 2.
The results of experiment 1 showed that: (1) segregation increased with decreasing harmonic rank; (2) the effect of harmonic rank was continuous and progressive and even small differences in harmonic rank led to differences in segregation.
In experiment 2, F0DLs were measured for pure tones and complex tones similar to the A-tones used in experiment 1. F0DLs increased with increasing harmonic rank. Significant correlations were found between the mean percentage segregation for each Atone F0 (averaged across DF0s and across listeners) and the mean F0DL (across listeners) obtained for the same F0 and between the mean percentage segregation for each listener (averaged across all conditions) and the mean F0DL for that listener (averaged across all F0s). This supports the idea that the extent of stream segregation of successive sounds depends on the salience of the perceptual difference between those sounds.
